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ABSTRACT

A program was conducted to evaluate nondestructive analysis

techniques for the detection of defects in rigidized surface insu

lation (a candidate material for the Space Shuttle thermal protec

tion system). Uncoated, coated, and coated and bonded samples

with internal defects (voids, cracks, delaminations, density

variations, and moisture content), coating defects (holes, cracks,

thickness variations, and loss of adhesion), and bondline defects

(voids and unbonds) were inspected by x-ray radiography, acous

tic, microwave, high-frequency ultrasonic, beta backscatter,

thermal, holographic, and visual techniques. Additional uncoated

samples with density variations were inspected using x-ray radi

ography and microwave reflection techniques and subsequently

tested to determine their tensile strength. The detectability of

each type of defect was determined for each technique (when

applicable). A possible relationship between microwave reflection

measurements (or x-ray-radiography density measurements) and

the tensile strength was established. A pos sible approach for

in-process inspection using a combination of x-ray radiography,

acoustic, microwave, and holographic techniques was

recommended.
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Section 1

INTRODUCTION

The therm.al protection system. (TPS) is one of the m.ost vital systems of

the Space Shuttle vehicle. The TPS will carry aerodynamic loads and pro

tect the crew, cargo, propuls ion system, and other critical systems from

reentry heating. A local failure in this system tnight cause catastrophic

failure and loss of an entire vehicle. Consequently, techniques are required

for determining the integrity of the TPS. Nondestructive testing (NDT) tech

niques are particularly suited for inspection of TPS integrity.

The application of nondestructive analysis techniques for in-process monitor

ing or initial qualification differs somewhat from that for reuse qualification.

The use of these techniques for in-process monitoring may be a cost

effective tool for material screening, fabrication, and characterization.

These techniques can also tneasure the effectiveness of the processing

methods by application after specific processing steps. Identification of

processing difficulties can lead to more effective process specifications and

procedures. The initial qualification of a TPS component tnay be cons ider

ably sitnplified through the in-process detection of defects and measurement

of material properties. Prior to assetnbly, the components are accessible

for detailed inspection. Selection of techniques for reuse qualification will

be influenced by the acces s ibility of the cotnponents on the Space Shuttle and

the detection capabilities of each technique.

Rigidized surface insulation (RSI) is an attractive tnaterial for the Shuttle

TPS because of its availability, low cost, temperature overshoot capability,

and potential weight savings. The prime effort of this program is,the identi

fication and evaluation of NDT techniques as applied to RSI material. This

program includes:

A. Experimental evaluation using laboratory-controlled sam.ples of

RSI with and without various realistic defects to dete rmine the sen

sitivity and resolution of each NDT technique.

1



B. Application of selected NDT techniques to natural in-process defects.

C. Application of selected techniques for in-process ITlaterial evalua

tion and subsequent c'orrelation of NDT data with ITlechanical

properties.

D. Recom.m.endations of NDT techniques for an in-process quality con

trol prograITl.

E. Identification of NDT techniques for the requalification of the RSI

therITlal protection systeITl.

2



Section 2

TECHNICAL APPROACH AND RESU LTS

•The purpose of this program was to identify and evaluate NDT techniques to

ensure the uniformity of rigidized surface insulation materials. The major

portion of the program treats the nondestructive evaluation of samples contain

ing artificial defects at various points in the fabrication sequence. In

addition, an in-process inspection was conducted on material screening and

natural defect samples to establish a relationship between NDT data and

mechanical properties. The approach used in this program is described in

the following sections.

2. I BACKGROUND

The thermal protection system for the Space Shuttle must protect the primary

vehicle structure and other vehicle subsystems during ascent and reentry.

This system requires a lightweight, cost-effective, ten~perature-resistant

material with low thermal conductivity and high emissivity to protect the

metallic structure from the thermal envir onment of reentry, Nonmetallic,

rigidized, external-surface ceramic insulation materials are primary candi

dates for filling these requirements. An RSI panel consists of a waterproof

coating, RSI, elastomeric bond between the RSI and support structure, and

support structure, as shown in Figure 2-1. During a typical Shuttle mis sion,

various loads (vibration, acoustic, and heating during launch; push-off dur

ing staging; heating during reentry; vibration, and rain or dust erosion during

landing; and ground landing) may cause damage and possible failures. Pos

sible failure modes during a mission are also shown in Figure 2-1.

A number of possible defects, n~aterial variations, and discrete discontinuities

may be introduced into an RSI T PS system during fabrication, during installa

tion on the vehicle, during the mission, or during ground handling. A local

failure in thi s critical system before or during reentry may have catastrophic

results. To avoid this, the RSI panels should be evaluated, inspected, and

qualified to make sure they are free of critical material anomalies.

3



CR86

LIKELY FAILURE MODES

• TENSION OR COMPRESSION CRACKS
IN COATING DUE TO PRESSURE LOADS,
THERMAL STRESSES, OR RANDOM
VIBRATIONS

• SHEAR FAILURE OF RSI DUE TO PRESSURE
LOADS AND THERMAL STRESSES

• VOIDS OR UNBONDS IN BONDLINE

RSI

•••.•.•.••••••••••.•••.••• - BONDLINE ADHESIVE

~. PERMANENT DEFLECTION
IN SUBSTRUCTURE

• SHEAR FAILURE OF ADHESIVE DUE
TO PRESSURE LOADS OR THERMAL
STRESSES

• TENSION FAILURE OF ADHESIVE DUE
TO REVERSIBLE RANDOM VIBRATIONS

e CHARRING OF ADHESIVE DUE TO OVER
TEMPERATURE CAUSED BY DEGRADATION
OF RSI WITH REUSE

• TENSION OR COMPRESSION CRACKS
IN COATING DUE TO PRESSURE LOADS,
THERMAL STRESSES, OR RANDOM
VIBRATIONS

• DEBONDING OF COATING TO THE RSI ~
DUE TO THERMAL STRESSES, CHANGES • SHEAR FAILURE OF RSI DUE TO PRESSURE
IN CHEMICAL MAKEUP WITH REUSE OR LOADS AND THERMAL STRESSES
PRESSURE BUILDUP IN RSI "

• FUSING OF COATING INTO RSI - _0....-- ----.J..-.- WATERPROOF COAT
CAUSED BY OVERHEATING

o

Figure 2·1. Typical RSI Thermal Protection System Panel
and Possible Failure Modes

The various RSI defects, material variations, and discrete discontinuities

of interest are presented in Table 2-1. Eight techniques -x- ray radiography,

acoustic, microwave, high- frequency ultrasonics, beta backscatter, thermal,

holographic, and visual-were evaluated for detection of these defects, as

described in the following sections.

2. 2 SPECIMEN DESCRIPTION

Currently, several varieties of RSI are being developed utilizing different

precursor materials, fibers (mullite or silica), binders, and processes.

Since all the end products are essentially low-density ceramics, NDT tech

niques developed for one type should be applicable to the others.

The material used for this program consists of mullite fibers, fillers, and

binders, which are fired to obtain a ceramic having a high microvoid con

tent. The material was obtained from current production runs of a

materials-development program (NASA Contract NAS9-l2082) at McDonnell

Douglas Astronautics Company-East (MDAC-E). The material was obtained

in three material conditions - uncoated RSI; coated RSI; and coated RSI

bonded to a metallic substrate,

4



Table 2-1

VARIOUS RSI DEFECTS, MATERIAL VARIATIONS,
AND DISCRETE DISCONTINUITIES

Material

Uncoated
RSI
ITlaterial

Coated
RSI

Adhesive
bond

Froce s sing
Step

Firing

Coating
and firing

Bonding to
support
structure

Pos sible Defects

RSI Defects

Voids

Cracks

Delaminations

Inclusions

Density variations

Moisture (absorbed after firing)

Coating Defects

Cracks

Holes

Inclusi ons

DelaITlinations

Thickness variations

Adhesion to RSI

Coated RSI defects

SiITlilar to uncoated RSI
ITlate rial

Bond Defects

Void

Unbond

Three material thicknesses were used-2, 1, and 1/4 in. These thicknesses

are representative of those being considered for Orbiter use. Three coating

thicknesses were used-O. 022, 0.015, and 0.010 in.

The ITletallic substrate (0. 020-inch-thick aluminum plate) and adhesive

(General Electric RTV560 Silicone Adhesive) were selected in cooperation

with NASA as a cost-effective ITlethod of siITlulating an RSI bonded panel.

5



Since initiation of this prograITl, several different design options for attach

ITlent of RSI to structure have been proposed. Each of these de signs will

have an iITlpact upon the type of NDT required for the bonded asseITlbly.

A series of saITlples was fabricated froITl the ITlaterial obtained, as shown in

Table 2-2. This table provides the material condition, dimensions, types

of defects, defect diITlensions, density, and NDT techniques eITlployed for

each saITlple. The defect diITlensions are listed for each type of defect in the

order shown in Figure 2- 2. The void defects in the RSI were made using

flat-bottoITled drills of various sizes as required. The crack and delaITlina

tion defects in the RSI were ITlade using shiITl stock of various diITlensions as

required. Holes in the coating were ITlade using drills of various sizes as

required. The holes were drilled just deep enough to penetrate the coating.

Several ITlethods (therITlal shock, ITlachining) were eITlployed in an atteITlpt to

create controlled coating crack defects. It was not possible to create

controlled crack defects without daITlaging the ITlaterial. Consequently,

natur al c racks were eITlployed whenever pos sible. The bondline void defects

were ITlade by applying no adhesive to the two adherends in the region

desired to be a void. The final diITlensions of defects created in this ITlanner

depended upon the aITlount of adhesive flow as the two adherends were placed

in contact. The bondline unbond condition was siITlulated by placing a piece

of 0.001- in. - thick Mylar of the desired dimensions in the bondline. Whether

this ITlethod actually siITlulated an unbond condition is debatable.

2. 3 PROGRAM PLAN

Eight NDT techniques (x-ray radiography, acoustic, ITlicrowave, high

frequency ultrasonic, beta backscatter, therITlal, holographic, and visual)

were eITlployed on saITlples fabricated froITl material at different stages in

the processing cycle (uncoated, coated, and coated and bonded) as shown

in Table 2-3. This table identifies, by sample number, the samples used

in the evaluation of each technique.

Each NDT technique was evaluated in detail to establish a critical and

thorough inspection technique. An atteITlpt was ITlade to deterITline the

sensitivity and resolution of each technique capable of detecting a given

6
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Figure 2-2. Defect Dimensions

defect type. The sensitivity refers to the sITlallest possible defect detect

able while resolution refers to the ability to distinguish between two defects.

EITlphasis was placed on developing those techniques applicable froITl the

coated surface since acces s froITl the ITletallic substructure side will prob

ably not be possible.

After the NDT techniques were evaluated for the basic RSI ITlaterial,

selected techniques were, applied to saITlples containing natural defects

(density variations) to verify the ability of the technique to detect an actual

production defect. These techniques were also applied to another saITlple

to verify the ability of the techniques to be used for ITlaterial screening.

Selected portions of the natural defect and ITlaterial screening saITlples

were then tensile tested to deterITline if in-process analysis can be corre

lated with ITlechanical properties.
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2.4 NONDESTRUCTIVE ANALYSIS TECHNIQUES
AND RESULTS

2.4.1 X-ray Radiography

X-ray-radiographic techniques have been applied to RSI materials for the

detection of voids, cracks, delaminations, and density variations

(Reference 1). Visual inspection of the RSI material alone can be extremely

misleading, and internal flaws can go undetected.

The basic evaluation of the x- ray- radiography technique was to optimize the

exposure parameters to obtain good contrast and image sharpness (resolution

and definition) at the lowest beam voltage consistent with adequate penetration

of the material (Reference 2). This was accomplished by conducting a

series of radiographs at various voltages in the region of 10 to 50 kV. In

addition to voltage, the exposure parameters examined were time, film-to

source distance, and the use of screens to absorb the low-evergy, air

scattered x-rays that can reduce sensitivity. The use of a helium chamber

to reduce this air scattering was also evaluated. Kodak Type M film was used

throughout the program for this technique. In a previous program, the use

of finer grained film (Type R) and coarser grained film (Type AA) was found

either to offer no additional advantage or greatly to reduce sensitivity

(Reference 3). Major emphasis was placed on developing a clear under

standing of the information contained in the x-ray radiograph.

A Penetrex 50-kV x-ray machine was used for the majority of the x-ray

exposures. First, a check was made to determine the effective focal-spot

size. A O. OIO-in. -thick lead screen with a O. 040-in. -dia hole was placed

half-way between the source and film using a 24-in. source-to-film distance.

This arrangement produces a pinhole picture of the x-ray tube focal spot.

The result of a I-min, 10-ma, 52. 5-kV exposure was a square spot of

approximately 3.5 mm on a side. Subtracting twice the hole diameter from

this to correct for the finite size of the pinhole (Reference 4), the focal

spot size was found to be 1.5 mm. This figure will be used later in calcula

tions of geometric unsharpnes s.
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2.4. 1. 1 Uncoated Sample s

Next, selected exposure parameters were determined for 2-in. -, I-in. -, and

1 /4-in. -thick uncoated material through the use of slotted test samples. The

current was kept at 10 ma throughout. The parameters investigated were:

A. Source to film distance: 24, 29, 34 in.

B. Voltage: 22.5, 25, 35, 37.5, 45, 47.5 kV.

C. Time: 30 to 180 sec.

D. Screens: 0.008-. 0.004- in. -thick polyethylene.

E. Helium chamber: only for 2 -in. material.

The exposure duration was limited to a maximum of 180 sec in orde r to keep

production inspection time within a reasonable value. Exposures were made

for various combinations of these parameters, as shown in Table 2-4 for

the 2- in. -thick material; Table 2- 5 for the 1- in. -thick material; and

Table 2-6 for the 1/4-in. -thick material. The sensitivity of each radio

graph was then determined. The sensitivity is the size of the smallest

detail that can be seen in a radiograph. A typical radiograph is shown

Table 2-4

EXPOSURE PARAMETERS FOR TWO-INCH MA TERIAL

Voltage Time Distance
Exposure No. (kV) (sec) (in. ) Screen

1 47.5 90 29 None
2 120 29 None
3 150 29 None
4 90 24 None
5 150 24 None
6 150 34 None
7 180 34 None
8 47.5 120 34 None
9 45 180 29 None

10 45 150 29 None
11 47.5 90 29 0.008
12 120 29 0.008
13 150 29 0.008
14 90 29 0.004
15 120 29 0.004
16 120 34 He
17 150 34 He
18 47.5 180 34 He

13



Table 2- 5

EXPOSURE PARAMETERS FOR ONE-INCH MATERIAL

Voltage TiITle Distance

Exposure No. (kV) (sec) (in. ) Screen
-

1 37.5 60 29 None

2 90 29 None

3 120 29 None

4 30 24 None

5 60 24 None

6 90 24 None

7 90 34 None

8 120 34 None

9 37.5 150 34 None

10 35 150 29 None

11 180 29 None

12 120 29 None

13 150 29 0.008
14 35 150 29 O. 004

Table 2- 6

EXPOSURE PARAMETERS FOR QUARTER-INCH MATERIAL

Voltage TiITle Distance
Exposure No. (kV) (sec) (in. ) Screen

1 25 60 29 None
2 90 29 None
3 105 29 None
4 30 24 None
5 60 24 None
6 75 24 None
7 90 34 None
8 120 34 None

9 150 34 None
10 22.5 120 29 None
11 150 29 None
12 180 29 None
13 150 29 None
14 180 29 None
15 150 29 0.008
16 22.5 180 29 O. 004

14



in Figure 2-3. The positiQn at which the slot can be barely detected

provides a measure of the sensitivity. A formula for the sensitivity per

centage is

S = lOa!. = lOOh(m-a)
t t(l-a)

where t, a, h, 1, and m are measured from the sample as shown in

Figure 2- 2.

The experimental sensitivities obtained using this formula are shown in

Table 2-7.

The following conclusions were made based on the measured sensitivities:

A. Two-inch material:

1. Best sensitivity for 29-in. source-to-film distance.

2. Best sensitivity for 45 kV (47.5 kV very good).

3. Polyethylene screen slightly reduces sensitivity.

4. He chamber provides no advantage.

CR86

Figure 2-3. Radiograph of 1-ln.-Thick Sample No. 10 (Top View)
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Table 2-7

AVERAGE SENSITIVITY

Two Inch One Inch Quarter Inch
Exposure

Sensitivity
J:<.:xposure

Sensitivity
Exposure Sensitivity11\.T~ \ (No. ) INo. )l.1.~ u. I

1 -3 1. 75 1-3 2.30 1-3 8. 7

4-5 1. 62 4-6 2.59 4-6 10.8

6-8 1. 63 7-9 2.23 7-9 8. 8

9-10 1. 57 10-12 1. 87 10-12 8.4

II -13 1. 62 13 2.14 13-14 8.5

14 -15 1. 71 14 2.09 15-16 8. 5

16-18 1. 62

5. Recommended exposure parameters:

45 kV 47.5 kV

150 sec 90 sec

29 in.
or

29 in.

10 rna 10 rna

6. Realistic sensitivity is 1.6 percent.

B. One-inch material:

1. Best sensitivity for 29-in. source-to-film distance.

2. Best sensitivity for 35 kV.

3. Polyethylene screen provides no advantage.

4. Recommended exposure parameters:

35 kV

120 sec

29 in.

10 rna

5. Realistic sensitivity is 2.2 percent.

C. Quarter-inch material:

I. Best sensitivity for 29-in. source-to-film distance.

2. Best sensitivity at 22.5 kV with O. 004-in. -thick polyethylene

sc reen.

16



3. Polyethylene screen 0.008 in. thick provides no advantage.

4. Recommended exposure parameters:

22.5 kV

150 sec

29 in.

10 ma

0.004- in. - thick polyethylene

5. Realistic sensitivity 8.6 percent.

Using the selected exposure parameters, the void, crack, and delamination

samples were evaluated. The void samples contained both top- and side

drilled holes. All the top-drilled holes were detected. These holes

ranged in diameter from O. 016 to O. 128 in. and were 0.5 in. deep for the

2- and 1-in.-thick material and 0.125 in. deep for the 1/4-in.-thick

material. A resolution of O. 020-in. separation between diameters was

easily observed. The results for the side-drilled holes were:

Two-inch mate rial (Sample No.7)

O. 018 in. not detected

O. 032 in. detected - sensitivity of 1.6 percent

O. 064 in. detected

One-inch material (Sample No. 17)

O. 016 in. not detected

0.022 in. detected-sensitivity of 2.2 percent

O. 032 in. detected

Quarter-inch material (Sample No. 18)

O. 016 in. detected-sensitivity of 6.4 percent

O. 022 in. detected

O. 032 in. detected

The crack sample contained slots of various widths 0.5 in. deep by

1/4 in. long in material 2 in. thick. The sample was evaluated with the slot

oriented parallel to the x-ray beam. All the slots were detected down to a

17



width of 0.003 in. The delaITlination saITlples were evaluated with the

delaITlination perpendicular to the x- ra y beaITl. The re sults were:

Two-inch ITlaterial (SaITlple No.9)

0.012 in. wide not detected

0.025 in. wide not detected

0.048 in. wide just barely detectable - sensitivity of 2.4 percent

One-inch ITlaterial (SaITlple No. 19)

0.013 in. wide not detected

0.022 in. wide detected - sensitivity of 2.2 percent

0.035 in. wide detected

Quarter -inch ITlate rial (SaITlple No. 20)

0.012 in. wide just barely detectable-sensitivity of 4.8 percent

0.018 in. wide detected

0.022 in. wide detected

In SOITle cases, powder reITlaining in the slot ITlade the detection ITlore

difficult. Successful detection is dependent upon a ITliniITluITl opening, as

deterITlined by the sensitivity for the ITlaterial thickness.

The se re sults cOITlpare favorably with the previous re sults. The radiographs

were difficult to interpret due to the ITlottled pattern of density variations.

The effect becaITle ITlore pronounced as the saITlple thickness was reduced.

Having experiITlentally deterITlined the sensitivities for uncoated ITlaterial,

theoretical calculations were ITlade for cOITlparison. Derivation of the neces

sary equations and the assuITlptions involved in applying theITl for RSI

ITlaterial are presented in the Appendix. The theoretical sensitivities

obtained were:

Material Thickness (in. ) Sensitivity (%)

2 2.2

1 2. 1

1/4 2.6

18



These values cOITlpare favorably with the experiITlentally deterITlined

sensitivities except for the 1/4- in. -thick material. As would be expected

for equivalent exposures of a hOITlogeneous ITlaterial, the theoretical sen

sitivities were nearly the saITle for the different ITlaterial thicknesses. The

reason the experiITlentally deterITlined sensitivity is different for the

1 /4-in. -thick material is that the sensitivity is limited by the size of the

naturally occurring pores in the material. The pore size is on the order of

0.020 in., which would account for sensitivities of 8 percent in the

l/4-in. -thick material and 2 percent in the I-in. -thick material. For

ITlaterial thicknesses greater than 1 in., the experiITlental sensitivity should

approach the theoretical value as the effect of pore size becoITles negligible.

All the holes in the coating were detected froITl through-thickness exposures

of the hole and crack saITlples. The holes ranged frOITl 0.013 in. to

0.064 in. in diaITleter. Edge exposures were taken on the coating-thickness

control saITlples. MeasureITlents of the full coating thickness were then

taken froITl the radiographs. The thicknesses were 0.025 in. for SaITlple

No. 25, 0.030 in. for SaITlple No. 21, and 0.030 in. for SaITlple No. 22.

For best results, the coating surface ITlust be along the direction of the x-ray

beaITl. The se value s are s oITlewhat large r than the value s obtained froITl

visual ITleasureITlent of the coating thickness. An edge exposure of the

loss-of-adhesion defect showed the coating separation froITl the RSI to be

approxiITlately O. 030 in.

2.4.1.2 Coated SaITlples

All exposures of coated saITlples were taken with the coated surface next to

the filITl. A series of different exposures for the control saITlple containing

slots yielded the best sensitivity for the following paraITleters:

29 in.

45 kV

165 sec

10 ITla

19



The best sensitivity obtained for these paraITleters was 1.1 percent. These

paraITleters were used to evaluate the void -and -crack coated saITlple. All

the drilled holes were detected with the x- ray beam parallel to the holes.

The hole sizes ranged froITl 0.016 in. to 0.064 in. in diaITleter. A resolution

of 0.0125 in. between hole diaITleters was obtained, The smallest detectable

hole size for an edge exposure was 0.032 in., which leads to a sensitivity of

1.6 percent for 2-in.-thick material, as before.

Through-thickness exposures were taken of all the bonded saITlples other than

those used for the holography evaluation. A typical radiograph is shown in

Figure 2-4. All the voids and simulated unbonds using Mylar film were

detected. The selected paraITleters for these radiographs were:

29 in.

50 kV

120 sec for 2- in. - thick material

30 sec for 1/4- in. - thick material

10 ITla

CR86

figure 2-4. Radiograph of 2-ln.· Thick Sample No. 41 (Top View)
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2.4.2 Acoustic

The interaction of acoustic waves with RSI ITlaterial ITlay provide a ITleans of

nondestructively detecting the presence of defects. This ITlay be aCCOITl

plished by ITlonitoring the degree to which the RSI absorbs, reflects, or

transITlits sound as a function of the frequency. Previous work has shown

that detection of changes in the vibrational characteristics of low-density

foaITl ITlaterials provides a ITleans of identifying internal defects

(References 5 and 6). In this work, transmitted and reflected

acoustic waves in the 100 to la, 000 Hz ranges were successfully ITlonitored

for the detection of unbonds in the adhesive bond between foaITl and an

aluITlinuITl plate. ElectroITlagne tically ind ucing vibrations in the aluITlinuITl

plate were also shown to be a feasible ITlethod of generating acoustic waves

in the foaITl. This work found that direct contact coupling and a sITlall

receiving ITlicrophone were required for inspection of low-density foaITl.

In this program, a detailed experiITlental prograITl was conducted to evaluate

transITlitted, reflected, and electroITlagnetically induced vibrations as a

ITleans of detecting defects in RSI ITlaterials. Frequencies froITl 500 to

16, 000 Hz were eITlployed. Three coupling methods- -cdr coupling, RSI

ITlaterial direct contact coupling, and contact ITlicrophone coupling- -were

evaluated for their effectiveness. Two different diaITleters (1 and 1/2 in.)

for the receiving ITlicrophone were evaluated for their sensitivity. The

experimental approach used to evaluate the sensitivity of the acoustic

technique to intentional defects is described in the following subsections.

2.4.2. I Acoustic TransITlission

The sensitivity of the acoustic tranSITlission technique was evaluated by

cOITlparing the transITlission of sound froITl a defect-free RSI control saITlple

with that of similar saITlples containing known artificial defects. A scheITlatic

of the setup used for the transITli s sion ITleasureITlents is shown in

Figure 2- 5. A Hewlett- Packard Model 200 CD signal generator was used

to generate signals froITl 500 to 16, 000 Hz. This signal was aITlplified by a

McIntosh Type Allb-B power aITlplifier until the signal was 4 V froITl

21
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Figure 2-5. Acoustic Transmission Apparatus
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peak-to-peak. A Tektronix Model S33A oscilloscope with a Type CA plug-in

was used to check the aITlplitude of the aITlplified signal. The signal was then

introduced into a JaITles B. Lansing Model LE8S horn speaker. The receiv

ing probe was either a Bruel and Kjaer Model 4133 1/2-in. dia con

denser ITlicrophone, a Bruel and Kjaer Model 4131 I-in. -dia condenser

ITlicrophone, or an Electro- Voice Model 805 contact crystal ITlicrophone,

The received signal was then aITlplified and analyzed using a Bruel and

Kjaer Model 2107 Frequency Analyzer. The speaker, ITlaterial, and ITlicro

phone were enclosed in an anechoic chaITlber.

The experiITlental procedure was as follows. First, the signal generator was

set for the desired frequency. The power aITlplifier was then adjusted to

provide the correct signal strength as displayed on the oscilloscope. The

output of the signal generator changed as a function of the frequency. The

BeckITlan counter was used to check the frequency output of the signal
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generator. This procedure was repeated, if necessary, to obtain the desired

frequency. Next, the strength of the received signal at the given frequency

was measured using the frequency analyzer. This figure was then recorded

as the signal amplitude. This entire procedure was repeated for each fre

quency of interest from 500 to 16, 000 Hz in steps of 100 Hz from 500 to

12, 000 Hz, and then in steps of 125 Hz from 12,125 to 16, 000 Hz.

2.4.2.2 Choice of Coupling

The initial step in the evaluation of the coupling technique s was to run a

series of measurements for each frequency with no RSI material between the

speaker and the microphone. This air calibration could be used to subtract

the response of the speaker, microphone, and electronic equipment from the

response obtained with a sample between the speaker and microphone. Since

the response from a sample containing a defect was always compared to the

response from a defect free control sample, the effect of the overall system

response should cancel out. The system response for air using the 1 /2-in. 

dia microphone is presented in Figure 2-6 merely to show how flat the

response was even though the information was not needed for further

analysis. A check of the respons e from the 1/2-in. -dia microphone with

the speaker off showed the background nois e within the anechoic chamber to

be negligible.

Next, the response from a defect free RSI control (Sample No.1) was

obtained using the 1/2-in. -dia microphone. The sample was centered

directly on the horn and the microphone was placed approximately 1/64 in.

from the back surface of the sample. The results for Control Sample No. 1

are shown in Figure 2-7. As the figure shows, the higher frequencies are

more highly attenuated than the lower frequencies. Also, the material

clearly introduces some resonances of its own. That is, some frequencies

are more readily transmitted than others. The resonances appear to be

fairly evenly spaced with a separation of approximately 550 Hz. There was

also a prominent resonance at approximately 6, 300 Hz. This resonance is

definitely due to the material since the resonance was not present in the air

calibration.
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Measurements were also taken using the same procedure for uncoated

material containing voids and delaminations. The response from each

sample was compared to that of the control by subtracting the response of

the defective sample from the corresponding response of the control. A

change in response as compared to that of the control is then represented by

a deviation from zero. The results for Void Sample No.2 and Delamination

Sample No. 57 are shown in Figure 2-8. As the figure shows, deviations

from the control response were obtained from these samples. The greatest

change in the response occurred at approximately 6,300 Hz. This is the fre

quency at which the control sample had a large resonance. Since the differ

ence in the responses at this frequency is positive, this means that the

defective samples did not have as large a resonance at this frequency as did

the control sample. Generally, the deviations from the control response

were greater for the sample containing a delamination defect than they were

for the sample containing the void defect. A possible explanation is that two

RSI-to-air interfaces are involved for the delamination defect, whereas only

one RSI-to-air interface is involved for the void defect since the void defect

was simply a hole drilled in the thickness direction.

Measurements were then taken using RSI contact coupling for the same con

trol, void, and delamination samples. The RSI coupling consisted of a block

of RSI into which a hole had been drilled. The hole was drilled slightly

smaller than the diameter of the 1 /2-in. -dia microphone. The microphone

was then placed inside this hole and the RSI placed in contact with the sample

being evaluated. The respons e from the control sample using RSI coupling

was different from that using air coupling in that a resonance was not present

at 6,300 Hz and that the response fell off sharply with increasing frequency.

The results for Void Sample No. 2 and Delamination Sample No. 57 are shown

in Figure 2-9. Most of the deviations occurred for frequencies below

5, 000 Hz.

Next, measurements were taken using contact microphone coupling for the

same control, void, and delamination samples as before. A lOO-g mass was

us ed to hold the microphone in contact with the sample. Since this mas s was

observed to move during the test due to vibration, the mass was increased

to 200 g, which resulted in a significant increase in the signal response.
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Furthermore, with a total mass of 200 g, the signal response was observed

to increase with time. This suggests that the vibration of the contact micro

phone abrades the high points of the RSI and increases the total effective

area in contact with the microphone. Since application of pressure resulted

in fluctuations of the response, no mass was used for the final measurements

made. The results for Void Sample No.2 and Delamination Sample No. 57

are shown in Figure 2-10. The difference in response for the void sample

was les s than the accuracy with which the measurements could be made. The

difference in the response for the delamination sample, on the other hand,

showed a very large difference at approximately 440 Hz, thus appearing to

provide a good criterion for detection of a delamination defect. Unfortunately,

the effect of pressure on the contact microphone makes this coupling method

difficult to use. This problem and the lack of response to the void defect left

the choice of coupling method between air coupling and RSI contact coupling.

Contact microphone coupling, however, should provide a good check for any

delamination defects revealed by another coupling method.

In an attempt to decide between air coupling and RSI contact coupling, meas

urements using both technique s were taken on anothe r control sample whose

density differed significantly from that of the previous control, but which was

still within specifications. Sample No.5 with a density of 16.1 Ib/ft3 was

used for this purpose. The density of Sample No.1 was 13.5 lb/ft3 . The

results for air and RSI coupling are shown in Figure 2-11, It would be

desirable if the response from defect-free samples of different densities

within the allowable ranges were similar. In this regard, the difference in

response was smaller over a larger frequency range for the air coupling than

for the RSI coupling. The difference in air coupling responses still showed

a resonance at approximately 6,300 Hz. This suggests that perhaps the

response from Control Sample No. 1 is not typical.

A better procedure would be to perform many such measurements on as many

control samples as possible, and then to prepare an average response which

would minimize the deviation of anyone particular control sample from the

average. In this case, a measure of a significant deviation from the average
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would be provided by the large st deviation seen within the various control

samples. These largest deviations then could be used to create bands within

which the response of a sample must fall in order to be considered defect,

free. Similarly, if the difference in response is larger than these limits,

the sample could be considered to contain a defect. For air coupling and the

two samples used, such a band would be ±O. 0075 V for the response below

6, 000 Hz.

Conceptually, RSI contact coupling introduces a new interface as compared to

air coupling. The interfaces between RSI-to-air and air-to-RSI for the

region between the RSI couplant and the RSI sample is similar to the inter

faces present in a delamination defect. To investigate the possibility that

RSI coupling introduce s a delamination defect between the couplant and sam

ple for all such measurements taken, air -coupling measurements were taken

for two control samples placed together. Sample No. 58 and Sample No. 13

(a delamination defect was introduced into the latter sample later) were placed

together for a total sample thickness of 2 in. for this purpose. The results

are shown in Figure 2-12. Comparing this figure with the results for the

void and delamination samples using RSI coupling, we see that all three

response curves initially become negative for the first 2, 000 Hz and then

become positive for the next 2, 000 Hz and then decrease in amplitude with

increasing frequency. In short, all three responses have similar form. This

may be due to differences in the delamination defects introduced during RSI

contact coupling from one sample to the next, Thus, for example, the dif

ference from one delamination defect to the other may not cancel out completely

when comparing the respons e from a control sample with that from a defective

sample using RSI contact coupling.

Air coupling was chosen for all further measurements. This choice was

based upon the higher signal strength, more uniform response for different

density control samples, and the fact that no additional delaminations are

introduced during inspection. Air coupling also has the advantages over

RSI contact coupling in that scanning may be more easily accomplished

without the pos sibility of any abrasion between RSI surface s.
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Accordingly, additional measurements were taken on 2-in.-thick Void

Sample No.3, I-inch thick Delamination Sample No. 13, and 1/4-in.-thick

Delamination Sample No. 15. The results are shown in Figures 2-13 through

2-15. All these figures show differences from the defective samples as com

pared to the controls. The larger differences obtained for Void Sample No. 3

(Figure 2-13) as compared to those obtained for Void Sample No.2 (Fig-

ure 2-8) may be due to the fact that the void in Sample No.3 was a side

drilled hole which introduces an additional interface as compared to the hole

drilled in the thickness direction for Sample No.2. Generally, air coupling

was successful for detection of void and delamination defects in 2-in.-thick

uncoated material and delamination defects in both 1- and 1/4-in. -thick

uncoated material.

Confidence limits are shown on some of the figures discussed previously.

Values for these confidence limits were obtained for each of the three dif-

fer ent coupling methods investigated by determining the effect of experimental

variations in the micr ophone plac ement and the input voltage to the speaker.

These effects were determined for selected frequencies throughout the fre

quency range of interest. Changes of 1/64 in. in the microphone position

resulted in small changes in the response, as compared to changes of ±O. 1 V

in the voltage applied to the speaker. The confidence limits as sociated with

the possible experimental variations in the speaker voltage were used for

the figures mentioned. For air coupling, changes in the respons e due to con

trol sample density are greater than the errors associated with the actual

measurements. The extremes of this variation should be used as the actual

confidence limits.

The final parameter decided upon before continuing with further measure

ments was the microphone size. As mentioned earlier, previous work had

shown that small-diameter microphones were required of small bondline

defects. A l-in.-dia microphone was evaluated for its sensitivity in addition

to the 11 2-in. -dia microphone us ed up to this point. The results obtained for

air coupling using a l-in.-dia microphone for Void Sample No.2, Void Sample

No.3, and Delamination Defect Sample No. 57 are shown in Figures 2- 16
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through 2-18. As shown by these figures, the sensitivity of the l-in.-dia

microphone was greater than that of the 1/2-in. -dia microphone. That is,

the voltage output of the l-in.-dia microphone was larger. Consequently, the

l-in.-dia microphone was used for all further air coupling measurements.

2.4. 2.3 Acoustic Reflection

The sensitivity of the acoustic reflection technique was evaluated by compar

ing the reflection of sound from a defect-free RSI control sample with that

of similar samples containing known artificial defects. The equipment setup

used for the reflection measurements was similar to that used for the trans

m.ission measurements, the only difference being the introduction and recep

tion of the sound from the same surface. The samples were suspended on a

small piece of cloth 2 in. from the edge of the horn. A fixture was used to

hold the microphone within the opening of the horn so the microphone was

approximately 1/4 in. from the bottom surface of the sample. Air coupling

and the l-in.-dia microphone were used.

2.4. 2. 4 Uncoated Samples

Acoustic transmission and reflection measurements were made for void,

delamination, and density samples and then compared to the response from

control samples. The results for the transmission measurements were

described in the preceding discussion of coupling methods. The correspond

ing results for the acoustic reflection measurements are shown in Fig-

ures 2-19 through 2-24.

Figure 2-19 shows the response from the control sample alone. The ampli

tude of the response was quite small. In fact, the largest reflected amplitude

was approximately 0.010 V, whereas the largest transmitted amplitude for

the same sample was approximately O. 075 V. As the figure shows, the

response was very small for low frequencies, increasing to a maximum of

5, 000 Hz and then slowly decreasing with increasing frequency. The response

from the control sample displayed a series of peaks fairly evenly spaced, with

a separation of approximately 820 Hz. It appeared that such a series of peaks

might be due either to the occurrence of standing waves or to interference
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effects. Both these effects would be dependent upon the frequency. Assuming

that the peaks were caus ed by standing waves for specific frequencies and

working backward from the obs erved spacing of the peaks, the calculated dis

tance between the sound source and the reflecting surface was approximately

the same as that used. Nevertheless, it might be expected that such a

response would cancel out when the results of one sample are compared to

another. The results for the void, delamination, and density samples (Fig

ures 2-20 through 2-24), however, still reveal the presence of these peaks.

In particular, the difference in the responses for the 2-in. -thick control

samples which differed in density (Figure 2- 25) was on the order of the dif

ference observed for the other saITlples as well. Thus, it would be difficult

to say that the acoustic reflection ITlethod was capable of detecting voids or

delaITlinations in 2-in. -thick uncoated ITlaterial.

Better results were obtained for the 1- and the 1/4-in. -thick ITlaterial. The

effect of density variations for I-in. -thick control saITlples is shown in Fig

ure 2-26. The difference in response for the saITlples containing defects

was larger than the difference due to density variations for this thickness.

2.4. 2. 5 Coating SaITlples

The results for the loss of adhesion defect saITlples are shown in Figures 2-27

through 2-30. These figures show an interesting change in behavior. The

aITlplitude of the difference in response using the reflection method was ITluch

larger than the aITlplitude of the difference in response using the transmission

ITlethod. It appears as though the coating does have SOITle effect upon whether

or not sound is transITlitted or reflected. Thus, reflection ITleasureITlents are

potentially better suited for the detection of loss-of-adhesion defects. Whether

the differences in response are significant or not, however, would depend

upon how large a difference would have been observed between coated samples

of different densities. This inforITlation was not available for these saITlples.

2. 4. 2. 6 Coated SaITlples

The transITlis sion and deflection results for the coated saITlples containing

void and delaITlination defects are shown in Figures 2-31 through 2-34.
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Again, the amplitude of the difference in transmission response was much

smaller than the amplitude of the difference in reflection response. Further

information on the range of differ ences expected for variations in material

density would be needed in order to determine whether these defects wer.e

indeed detectable.

2.4. 2. 7 Bonded Samples

The results for bonded samples are shown in Figures 2-35 through 2-46.

Greater differences were obtained for the reflection measurements than for

the transmission measurements for these samples. There were considerable

changes in the difference of response for some frequencies as compared to

other frequencies. Generally, the greatest changes in response occurred

for frequencies below 10, 000 Hz. The strongest indication of the presence

of any defects were provided in the case of reflection measurements made

on the samples containing unbond defects in the bondline. The difference in

response curves for these samples showed deviations either predominately

below zero or above zero. The deviations below zero occurred for unbond

defects in 2-in.-thick material and the deviations above zero occurred for

unbond defects in 1/4-in. -thick material.

2.4. 2. 8 Electromagnetically Introduced Vibrations

A commercial instrument, the Shurtronics Harmonic Bond Tester, was

evaluated for the introduction and detection of sound through the use of

electromagnetically introduced vibration. The Harmonic Bond Tester is

an eddy-sonic type of device which requires that at least one material

in the bonded structure be metallic. A coil operating at 14 to 15 kHz

introduces an eddy current field in the aluminum substrate. This field

causes acoustic vibrations to be emitted and these are monitored by a

receiving piezoelectric transducer operating over a narrow band,

28 to 30 kHz (second harmonic). Essentially, the instrument compares

the relative rigidity of a well-bonded area to one having a void Or

unbond. The unbond or void area is expected to provide a larger amount

of noise due to the greater freedom of movement.

The Harmonic Bond Tester was applied from both sides of the bonded

samples. This technique does not require a couplant as the vibrations
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are introduced electromagnetically. Many different combinations of

instrument dial settings appeared to yield essentially the same results.

A representative setting was 8.85 for the Frequency and 9.3 for the

Sensitivity with the Output on HI. The alarm level was adjusted for

these settings until good and bad bond regions could be distinguished.

This technique was successful when applied from the metallic side for the

bond line void defects. The technique was not succes sful for the unbond

defects nor for the void defects when applied from the RSI side of the

samples. The probe would not properly excite the aluminum substrate

through the separation of RSI.

2.4.3 Microwave

Microwaves are electromagnetic radiation with frequencies between those

of radiowaves and infrared, roughly from 1 to lOO GHz. Microwaves

travel in straight lines, reflect, refract, diffract, interfere and scatter

according to the same laws as light. Unlike light, microwaves penetrate

most nonmetallic materials, reflecting and scattering from internal

discontinuities and boundaries, and interacting with the molecules of the

material. These properties lead to numerous applications in nondestruc

tive testing (Reference 7 through 9).

One of the primary applications of microwaves has been the measurement

of moisture (References 10 and 11). Water has a dielectric constant of 35

or higher and high loss properties. Most nonmetallics have a dielectric

constant ranging from 1. 5 to 5 and very low los s properties. The RSI

material evaluated in this program is a form of silica and mullite (predomin

ately silica and alumina) and has a dielectric constant of approximately 9

and'very low loss properties, as much as 1,-000 times less than that of

water. Thus, even a small amount of moisture in a specimen will cause an

appreciable change in the overall electromagnetic impedance.

Other applications of microwaves have been their aid in the detection of

cracks, delaminations, and voids in nonmetallics (Reference 12). Studies

have also been conducted on the microwave detection of bondline defects

(Reference 13).
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Microwave transmis sion and reflection technique s are used for nondestruc

tive testing in much the same way as ultrasonic techniques. The pri

mary difference is that microwaves are sensitive to changes in

electromagnetic impedance rather than acoustic impedance. Changes in

the amplitude and phase of the received microwaves relative to the

transmitted microwaves are related to changes in the electromagnetic

impedance. The basic method consists of adjusting the analyzer for

some arbitrary phase and amplitude reading. A sample of the material

being evaluated is then placed on the horn (between the horns for trans

mis sion) and the re suIting phase and amplitude of the reflection or

transmission coefficient is determined. This method depends upon the

sample being somewhat larger than the horn aperture in order to

ensure adequate decoupling from reflection at the sample edges.

Since transmission and reflection techniques should have the same

sensitivity for moisture detection and the transmission technique will not

be applicable to the final, metal- backed, sample configuration, only the

reflection technique was evaluated in this program. To determine the effect

of frequency upon moisture, density, delamination, and void defects, two

frequencies were selected. The lower frequency of 9 GHz was chosen based

upon the size of the samples available. Lower frequencies would have re

required larger samples. The higher frequency of 15 GHz was chos en for

the upper limit because higher frequencies might provide too high a sensitivity

to material nonuniformity.

2.4.3.1 Microwave Measurement Equipment

Two different microwave measurement systems were employed, one for

each frequency. Hewlett-Packard equipment was used for the 9 and 15 GHz

systems, as shown schematically in Figures 2-47 and 2- 48, re spectively.

The 9-GHz horn aperture was 2-5/8 x 2 in. and the 15-GHz horn aperture

wa s 1- 9/ 16 x 1-1/ 8 in.

The microwave phase and amplitude reference levels for both frequencies

were established as follows. The gain on the HP 8410A Network Analyzer

was set at 21 db. A metal short was placed across the horn, reflecting
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all the incident energy back into the horn. The amplitude gain was then

adjusted for an amplitude of 1 on the polar display. With the metal short

removed and the HP 841 OA gain set at 35 db, the slide screw tuner was

adjusted for zero phase and amplitude on the polar display. A change of

gain from 21 to 35 db corresponds to an amplification of 5 times. With the

metal short placed on the horn and the gain reduced to 21 db, the HP 84l0A

was readjusted for zero phase and an amplitude of 1. The reflected and

transmitted microwaves are actually out of phase by 180 degrees. The

analyzer was adjusted for a phase of 0 degree, solely for convenience.

2.4. 3. 2 Uncoated Samples

The uncoated samples were then centered on the horn and the resulting phase

and amplitude measured. The results for the 2-in. -thick control, void,

delamination, and density.variation samples are shown in Figure 2-49 for

9 GHz and Figure 2- 50 for 15 GHz. In the se figure s the pha se is given by

the polar angle and the amplitude i~ given by the radial distance. As the

figures show, each type of sample has a different combination of phase and

amplitude than every other sample. The void sample was placed on the horn

both with the void up (away from the horn) and with the void down (toward

the horn). The samples were chosen for uniformity by x-ray density,

dimensional, and visual checks. The phase and amplitude for the void and

delamination defects were different than for the control. The difference was

greater for 15 GHz. The lower density sample also had a different phase and

amplitude than the higher density control. The se results suggest that it may

be pos sible to distinguish between different types of defects through micro

wave measurements. For larger sample sizes, it should be possible to scan

the sample and detect these defects as changes in the basic phase and ampli

tude of the nondefective sample.

The microwave moisture measurements were made as follows. First, the

phase and amplitude reference levels for both systems were established as

before -zero phase and amplitude of 1 for metal short, zero phase and.

amplitude for open horn. The samples were then weighed. Water was

uniformly sprayed on one of the two large faces until the weight of the sample

plus water was approximately 30 percent greater than the dry sample weight.
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Figure 2-50. Microwave Results at 15 GHz for 2·ln.-Thick Uncoated Material
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The samples were kept at room temperature until the percentage of moisture

had fallen to approximately 25 percent and the water had been allowed to

disperse itself more uniformly throughout the samples. The samples were

then placed with the drier face on the horn and phase and amplitude measure

ments were taken. This procedure was repeated several times, each time

for a different percentage of moisture.

A check to determine if the dry sample readings were repeatable was made

after the samples had been allowed to dry at room temperature for a weekend.

Measurements were then taken at several different locations on the dry

control and density variation samples to determine the variability in the

measurements. Finally, the moisture measurements were repeated for

very low moisture contents.

The moisture mea surement results are shown in Figures 2- 51 through 2- 5 6.

Figure 2- 51 shows the results at 9 GHz for the 2-, 1-, and 1/4-in. -thick

control samples. This figure shows the, locus of points (phase and amplitude)

followed by the samples for va rious percentages of moisture content.

Figure 2-52 shows the same results expressed as amplitude versus moisture

content and Figure 2-53 shows the results expressed as phase versus mois

ture content. Similarly, the results at 15 GHz are shown in Figure 2-54 as a

polar plot of phase and amplitude as a function of moi~ture content.

Figure 2-55 shows the same results as amplitude versus moisture content,

and Figure 2-56 shows the results as phase versus moisture content.

Generally, the amplitude of the reflected microwaves is proportional to the

percentage of moisture present. For large moisture contents, the slope of

the amplitude-versus-moisture-content curve becomes smaller. Thus,

microwave amplitude measurements are most sensitive for small percent

ages of moisture present. As would be expected, the technique is more

sensitive for thinner material. Furthermore, the results at 15 GHz are

more sensitive and uniform than those at 9 GHz. In some cases, the ampli

tude for low moisture contents becomes less than the amplitude for zero

moisture content. This phenomenon might be due to interference effects

from front and back surface reflections.
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The phase-versus-moisture-content plots show a dip at approximately

2 percent moisture content. This is due to a bend in the polar plot of phase

and amplitude versus moisture. The phase does not provide as useful a

measure of the moisture content as does the reflection amplitude.

A recheck of the dry sample measurements showed that the sample mass

returned to within less than 0.5 percent of the original mass, the reflection

amplitudes returned to their original values, and the phases returned to

within 20 percent (at most) of their original values

A check of sample variability showed that readings taken from various

locations on the samples had less variability at 9 GHz than at 15 GHz. There

was less variability in the amplitude than in the phase readings. The low

density sample had the greatest variability, up to 9 percent variability in

the amplitude readings and 57 percent variability in the phase readings at

15 GHz. For the control samples, the amplitude variability was les s than

4. 3 percent and the phase variability was les s than 20 percent.

2.4.3. 3 Coating Samples

The microwave measurement systems were adjusted as before. The coated

surface of samples with different coating thicknesses was placed on the horn

and phase and amplitude measurements taken at different locations for each

sample. It was not possible to distinguish changes in coating thickness as

the variability in both the phase and amplitude measurements resulted in

overlapping values from sample to sample. Thus, coating thickness did not

influence the readings obtained. Measurements taken on a sample with a

loss of adhesion between the coating and the basic RSI material were the

same as those for the coating thickness variation samples. Thus, it was not

possible to detect a loss of adhesion defect.

2. 4. 3. 4 Coated Sample s

Two sets of moisture measurements were taken for 2- and 1/4-in. -thick

coated samples as before. The results for 9 GHz are shown in Fig-

ure 2-57 as a polar plot and in Figure 2-58 as amplitude versus moisture

content. The results for 15 GHz are shown in Figure 2-59 as a polar plot

and in Figure 2- 60 a s amplitude ver sus moisture content. Water wa s

sprayed on the noncoated surface and the coated surface was placed on the

horn. The results for the coated specimens were not as conclusive as for

the uncoated specimens. The results at both frequencies were acceptable
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Figure 2-59. Microwave Moisture Detection at 15 GHz for Coated Material

CR86

,~v~r---. __
-"'-

~
.....-

• 2·IN.- THICK

V C 1/4-IN•• THICK

V
0.1

0.4

~ 0.3

r?
...J
11.
::E
~

w
~ 0.2
~o
a:
~
::E

o
o 4 8 12 16 20 24

MOSITURE (%)

Figure 2-60. Microwave Amplitude Versus Moisture Percentage at 15 GHz for Coated Material

85



for the 1/4-in. -thick sample, but there were anomalies in the results for the

2-in. -thick sample. For the 2-in. -thick s ample, the amplitude readings

did not change much with changes in moisture content for the first set of

readings. Furthermore, the second set of amplitude readings did not

monotonically decrease with decreasing moisture content as expected. These

re'su1ts are unexplained at this time.

Measurements were also taken for dry, 2-in. -thick void and delamination

samples. Thes e points are also shown on Figure 2-57. As shown in the

figure, the readings for the void and delamination samples were not signifi

cantly different than those for the dry control sample.

2.4. 3. 5 Bonded Samples

After adjusting the phase and amplitude as before, microwave measurements

were taken for control, bondline void, and bondline unbond samples. The

results for 9 GHz are shown in Figure 2- 61 and the results for 15 GHz

are shown in Figure 2-62. The amplitudes measured for these samples

1700

1800

1JOO 1200 1100 1000 goo

I I
1·1 12.1 N•• D1A

rOlr \ \
2·IN.·THICK
CONTROL

CR8B

-1400 -1300 -1100 -1000 -900

Figure 2-61. Microwave Bondline Defect Detection at 9 GHz
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are much larger than for previous samples due to the presence of a metal

backing. The results were very similar for both frequencies, except that

the amplitude for the control sample changed its position relative to that of

the other samples from one frequency to the other. While there was not

too much difference in the amplitudes, there appears to be a difference in

the phases. This shift in phase might be expected to be due to different sam

ple thicknesses. Since the metal plate alone is displaced from the horn, the

polar display traces a spiral, starting with a phase of zero and amplitude of

1, which proceeds clockwise to zero phase and amplitude.

The sample thicknesses were:

1- 1/2-in. void 2. 004 in.

Control 2.015 in.

3/4-in. unbond 2.071 in.

3/4-in. void 2.077 in.

1-1/2-in. unbond- 2. 078 in.
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The total spr~ad in thickness was 0.074 in. Based on actual measurements

with a metal plate, such a difference in plate-to-horn distance would account

for an angular displacement of approximately 50 degrees. This is the dis

placement actually observed in the results for the control of 1- 1/ 2-in.

unbond samples, The relative order of the samples based on thickness,

however, does not correspond to the relative order obtained from the

specimens. Thus, the results obtained here are not conclusive, but suggest

that there may be an effect which could be detected by scanning techniques.

Microwave moisture measurements were made as before, except that water

had to be sprayed on the edges only as the front surface was coated and the

back surface was bonded. This procedure is less desirable than the procedure

used for the uncoated samples because the moisture variation necessarily

varies radially rather than through the thickness. This means that a micro

wave horn placed on the center of a sample may not be measuring the same

moisture content as would be indicated by the overall weight percentages.

It was not pos sible to obtain moisture measurements from the 1/4-in. -thick

sample as the sample would not absorb any water, even when completely

immersed for several hours. The edges of this sample were somewhat

sealed off due to excess adhesive. The results for the 2- and the l-in.

thick control samples are shown in Figure 2- 63 for 9 GHz and in Fig-

ure 2- 64 for 15 GHz.

The moisture measurements for the coated and bonded samples were quite

different from those for the uncoated and coated samples. With the presence

of the metal backing, the. microwave response changes from primarily a

change in amplitude to primarily a change in phase. The phase angle

decreased with increasing moisture content. Thus, microwave measure

ments may be made for samples both with and without a metal backing, pro

vided the correct type of measurement is used. The primary limitation to

measurements for samples with a metal backing is that the response is

sensitive to the distance of the metal from the horn. Additional work is

required to suppress this variable in favor of more sensitive moisture

measurement.
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2.4.4 High-Frequency Ultrasonics

The detection of defects (voids and unbonds) in the bondline between RSI

material and a metallic substrate presents certain difficulties. If the RSI

material is bonded directly to primary structure, acces s to the metallic

substrate will not be possible. Thus, inspection for bondline defects must

be conducted from the RSI side. Techniques which may be applicable from

the RSI side (low frequency acoustic and microwave reflection) are discus sed

elsewhere in this report.

If the RSI material is bonded to metallic substructure which in turn is later

mechanically attached to primary structure, access to the metallic sub

strate will be possible. In this case, a variety of higher-frequency tech

niques are possible. Three commercial instruments were evaluated-the

Fokker Bond Tester, Automation Industries Model UM700 Pulser-Receiver

and 5 MHZ Transducer, and Automation Industries Sondicator Model S- 2.

Fokker Bond Tester

The Fokker Bond Tester is a resonant-frequency device operating in the

80 kHz to 1 MHz frequency range. It might be expected that the high attenu

ation of low-density RSI would preclude the use of this instrument due to its

high operating frequency. The use of an elastomeric adhesive, on the other

hand, might provide the necessary response for the detection of bondline

defects.

The Fokker Bond Tester was evaluated by trying all possible combinations

of different probes and frequency ranges until a change in response could be

observed from a sample with a bondline defect as compared with a sample

without a bondline defect. The probes were coupled to the metallic surface

using BTF 427 Fokker Bond Tester Couplant. A change in response was

obtained using a No. 1218-0416 probe l/2-in. in diameter and dial

settings of 3. 5 for the Sweep, 7. 5 for the Tuning, 4 for the Band, and 9. 5 for

the Sensitivity. The response for a defect in the bond was a change in

• amplitude from 65 (for a good bond) to 145. The presence of a defect is

revealed by the occurrence of a resonance in the vibrating system. All but

the 3/4-in.-dia unbond defect in 2-in.-thick material were detected. An

attempt was made to map the extent of the defects by repeatedly applying the

probe in a regular pattern, overlapping successive positions, and marking
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the outer dimensions of the probe whenever a defect was indicated. The

Fokker results generally overestimated the size of the defect, as shown by

x-ray radiography. This is due somewhat to the relatively large diameter

of the probe.

tntrasonic Pulse-Echo

An Automation Industries Model UM700 pulser-receiver and Automation

Industries Model SFZ 57A2214, 5 MHz, 1/4-in. dia, longitudinally cut

piezoelectric transducer were evaluated in the same way. The same couplant

was used as before. The presence of a defect was revealed on an A- scan

oscilloscope presentation by the presence of multiple internal reflection within

the metallic substrate. This technique wa s succes sful only for samples con

taining voids, not for samples containing unbonds. Apparently, the presence

of a good bond transmitted the ultrasonic energy across the metal-adhesive

interface and then rapidly attenuated the energy within the elastomeric

adhesive. The presence of a void, on the other hand, presented a region of

very low acoustic impedance which resulted in reflection of most of the

energy between the metallic surfaces. An attempt was made to map the.

extent of the defects as before. The sizes indicated by this technique corres

ponded much better to those indicated by the radiographs due to the higher

frequency and small transducer size employed.

Sondicator

The Sondicator is a low-frequency instrument operating at 25 kHz which

monitors the amplitude and phase of an acoustic wave. The acoustic energy

is introduced into the specimen by direct contact from a transducer and a

second transducer is used to receive the acoustic energy. This instrument

detects defects in the adhesive bond by monitoring changes in the amplitude

and relative phase of the acoustic wave.

The Sondicator was applied from both surfaces of the bonded samples. A

couplant is not needed for this technique. Dial settings of 4. 6 for the ampli

tude and 5.0 for the phase provided the best defect detection for the 1/4-in.

thick samples from the metallic surface. Amplitude readings from 0.4 to

0.6 and phase readings of 1. 0 were representative of well-bonded regions.

Voids and unbonds resulted in amplitudes of O. 8 to 1. 0 and pha ses of O. 5.

The main criterion for defect detection wa s a change in pha se.
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Similarly, for the 2-in.-thick samples, dial settings of 4.6 for the amplitude

and 5.32 for the phase resulted in the best response. The response for

good and bad regions of bond were the same. All but the 3/4-in. unbond

defects were detected.

Attempts to detect the defects from the RSI side of the specimen were not

succes sfu!. Some indications were obtained for the 1/4-in. -thick samples,

but the response was too weak to be reliable.

The Sondicator probe employs three small Teflon prongs in a triangular

array. One prong is attached to a transmitting transducer, one is attached

to a receiving transducer, and one is merely used to stabilize the other two

prongs when in contact with a sample. A map of the defect size was made

using the two active prongs. A defect indication was generated with both

prongs within the defective area or with one within and one out. The size

of the defects corresponded to the sizes found by the pulse-echo method.

The high-frequency ultrasonic techniques were applicable only from the

metallic side. These techniques were evaluated in this program because

the Shuttle configuration at the start of this program was such as to allow

acces s to the metallic side. The latest change in configuration now has the

RSI material being bonded directly to primary structure such that access

to the metallic side is not pos sible. It was not pos sible to change the

direction of this program in time to emphasize only those techniques appli

cable from the RSI side. Much further work will need to be done for the

inspection of the bondline and will depend upon the final type of bonding

scheme employed.

2.4. 5 Beta Backscatter

Beta backscatter (back- emission electron radiography) was used to evaluate

the waterproof coating for defects in the coating surface. This technique

has been used to assess the integrity of the surface or near-surface material

(Reference 14).
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X-RAY SOURCE

The beta backscatter technique differs from normal radiographic methods in

that the film is placed between the x-ray source and the object (normal

radiographic process places the fiim under the object). The technique r,elies

on high- energy x-rays to excite electrons from the surface of the material

whose emis sion is detected on film. A schematic of the beta backscatter

technique is shown in Figure 2- 65.

X-ray energies of at least 250 kV must be utilized since electron emission

increases with increasing energy of radiation up to several hundred kilovolts.

In the backscatter technique, the useful image is formed only by electron

action and the direct x-rays act only to produce a uniform overall exposure.

By utilizing high-energy x-rays, the ratio between electron exposure, which

produces the image, and the overall exposure produced by the direct x- rays

can be maximized (Reference 4).

The slowest or finer- grain, single- emulsion industrial x-ray films are most

suitable for electron radiographic techniques. These fine-grain film
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emulsions are more sensitive to electrons than x-rays. In addition, the

x-ray absorption coefficient of the emulsion decreases with increasing x-ray

energy (making it less sensitive to high-energy x-rays). Therefore,

ultrafine- grain, single- emulsion Kodak Type R film was used throughout

this evaluation.

When operating an x-ray source at high voltages, the intensity of the lower

voltage portion of the x-ray spectrum also increases. This portion will

cause a uniform overall increase in film density, thereby reducing sensitivity.

A copper screen was employed to filter the lower-energy x-ray spectrum.

Since the emitted electrons are absorbed very quickly, it is extr.emely

important that the emulsion side of the film be in intimate contact with the

sample. Otherwise, the electronics would be absorbed by the transparent

cellulose film before reaching the emulsion. The single emulsion is used

to avoid the presence of a second uniform background. A vacuum cassette

was employed to provide contact between the film and the sample.

The x-ray source, filter, diaphragm, vacuum cassette, film, and RSI

sample were arranged as shown in Figure 2- 65. A 2-in. -thick sample

with coating defects was used. The source focal spot size was 1. 5 mm.

A O. l20-in.-thick copper filter was used. A 0.5 in. wide by 1. 6 in. long

slot was machined in a piece of lead for use as a diaphragm. The x-ray

source was placed 12 in. from the top of the diaphragm and the film wa s

placed 38 in. beneath the top of the diaphragm. Thus, the source-to-film

distance was 50 in. This combination of diaphragm size and spacing

resulted in an exposure area 2. 5 in. wide by 7. 5 in. long. This a rea was

larger than the area of the sample but was less than the area of the vacuum

cassette. This arrangement minimizes any scattering effects.

Type R x-ray film was placed with the emulsion side next to the sample

coating and a vacuum was created within the vacuum cassette. This pro

cedure was repeated for a series of exposures as given in Table 2-8.
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Table 2- 8

BETA BACKSCATTER EXPOSURE PARAMETERS

Exposure No. kV rna Time (min) Density

1 250 10 1 0.74

2 250 5 3 1. 10

3 250 5 7 2. 50

4 250 5 8 2.70

5 250 5 9 3. 00

None of the defects were detected for any of the different film dens ities due to

the uneven surface texture of the coating. Back-emission electrons are

only detected from those portions of the surface that are very close to the

film. Since the coating surface had high and low spots whos e size was on

the order of the size of the defects, any indications which might be present

were completely masked. Since the technique was not successful for expo

sures at 250 kV, nothing would be gained from lower energy exposures.

Additional exposures were taken using a fine grain positive film and

developed by hand also without success. This technique might be more

succes sful with smoother coating s.

2.4.6 Thermal Techniques,

Material integrity may be monitored by observing the heat flow patterns in

a sample which has been disturbed from an equilibrium temperature con

dition. Anomalies which occur are expected to alter the internal heat flow

patterns and thereby affect the specimen temperature distribution. This

distribution will affect the surface temperature and provide a means of

detecting anomalous areas. Thermal mapping techniques have been suc

ces sfully applied to other insulation systems for the detection of defects

(Reference 15).

Changes in the surface temperature of a specimen can be monitored by a

number of thermal sensing techniques such as radiometers, liquid crystals,
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or infrared film. For the temperature ranges of interest to this program,

only radiometers and liquid crystals appear applicable because infrared

film is not sensitive to temperatures below 500 0 F. Commercial radiometer

systems (sensing head with display console) typically have a temperature

range of 0 to 300 0 F with a minimum detectable temperature difference of

0.4 0 F at approximately a 90 0 F target temperature. Liquid crystals are

cholesteric chemicals which scatter various colors of light at various

temperatures over a specific temperature range (Reference 16). A sensi

tivity of O. 2 0 to o. 9 OF is available over an overall range of 0 0 to 500 of. For

the purpose of this program, liquid crystals and radiometers 3.ppear to offer

approximately equivalent sensitivity.

Liquid crystal sensing techniques were used for this program. Liquid

crystals offer a sensitive, inexpensive means of evaluating the general

feasibility of thermal techniques. Since the RSI material has a very low

thermal conductivity, it is not expected that the thermal technique will be

applicable to detecting defects in the RSI material or in the adhesive bond

area. Liquid crystals were evaluated in this program primarily for detection

of coating defects

The liquid crystal method of monitoring surface temperature requires direct

contact of the liquid crystal system with the test article. This may be accom

plished by either spraying a liquid crystal solution on the RSI coating or by

placing a thin sheet of material to which the liquid crystal has been applied

on the RSL The latter method was selected for this study to avoid any con

tamination problems.

The thermal sensing technique requires that a uniform thermal input be

provided to the test part for sensitive and repeatable results. The thermal

input can either be a cooling or heating of the test object to obtain the desired

temperature differential. A number of methods exist (oven, hot-gas gun,

and radiant lamps) for introducing the thermal differential between the

specimen and the ambient laboratory environment. For this program, an

oven was used to introduce the thermal gradient in order to provide the most

uniform thermal input.
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Four different liquid crystal formulations made by the Roche Chemical

Division were evaluated. These formulations were attached to O. 00 I-in.

thick, black Mylar tape. Each formulation changed color from black to blue

over a specific temperature range. The temperature ranges evaluated

were: 23.0° to 27.0° C (73.4° to 80.6° F), 29.0° to 34.0° C (84.2° to 93.2° F),

35.0° to 39.0° C (95.0° to 102.2° F), and 47. 0° to 48. 0° C (116.6° to 118.4° F).

The procedure was the same for each temperature range. The tape was

placed in contact with the coated surface of the sample and the sample was

then placed in an oven at 170° F for 10 min. The sample was then removed

from the oven and the liquid crystal tape observed until the sample returned

to room temperature. The technique was generally unsuccessful. On

occasion, a very slight indication could be obtained for the largest hole in the

coating (0. 064 in. in diameter). This indication could only be obtained

through rapid cooling of the sample using the 29.0° to 34.0° C (84. 2° to

93.2° F) tape when the sample temperature was near the transition tempera

ture of the liquid crystals. Repeatedly blowing acros s the sample to lower

the surface temperature below the transition and then letting the heat from

the sample raise the temperature above the transition would sometimes

result in an indication of the O. 064-in.-dia hole. The primary difficulty is

the coating surface is so rough that the liquid crystal display presents a

mottled appearance which masks the indications from any defects present.

The technique may be more successful with a smoother coating.

In view of this difficulty, variations of the basic approach were examined.

First, the liquid crystal display was observed while the sample was heated

rather than while the sample was cooled. Again, the results were negative.

Finally, water was applied to the coated surface just long enough for some

water to be absorbed through the defects into the basic RSI. The exces s

water was removed, and the observations repeated as before with negative

results.

Although liquid crystals and radiometers have approximately the same

sensitivities, the radiometer may actually be the better approach due to the

rough surface texture. Further work would be needed to examine this

pas sibility.
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Additional experiments were performed on the bonded specimens with bond

line defects by placing the liquid crystals in contact with the metallic sur

face and heating as before. Again, the results were negative.

2.4. 7 Holography

Holography is an optical process in which information about both the phase

and amplitude of coherent light reflected from an object can be recorded on

film by interference with another reference beam of coherent light. A laser

is used as a source of coherent light. The information contained in this

record, or hologram, may be reconstructed into a truly three-dimensional

image by illuminating the hologram with a beam of coherent light. Inter

ferometric holography is an application of holographic techniques in which

the surface displacements of an object placed under stress can be deter

mined through the generation of interference fringes. One method of

generating such fringes is to expose the hologram with the object in one

state of stress and then reexpose the hologram (double exposure method)

with the object in another state of stres s. Such a hologram will then contain

two separate, three-dimensional images of the same object slightly deformed

due to the different states of stress. Since displacements on the order of

one fourth the wavelength of the illuminating light results in interference

between the two images, extremely sensitive measurements of surface

deformation can be made (on the order of 12 fJ.in.). Other variations on this

basic approach include real-time comparison of the object with its three

dimensional image and double-exposure holograms using a pulsed rather than

continuous-wave laser. The real-time technique allows continuous observa

tion whereas double-exposure holograms permit observation of only one

change in stres s state. Pulsed techniques allow rapid exposures which are

useful for "freezing" rapidly changing surface deformations or when neces

sary to reduce the effect of external vibrations (a vibration isolation system

is used for this purpose for a continuous wave system). Another approach

is to expose a hologram over a relatively long time period while the obj ect

is stressed using vibration techniques.

Basically, defects in the object respond differently to the applied stresses

than do other parts of the object. This results in distortions in the fringe
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pattern revealing the presence of the defect. Bondline defects (Refer

ences 17 and 18) and cracks in metals may often be detected in this way.

Experimentally, the most difficult problem is to generate the correct type

and magnitude of applied stres s neces sary to produce an indication of the

presence of a defect. Two of the techniques most often employed are the

use of thermal stressing and mechanical stressing. Both these techniques

were evaluated for this program.

A 50-mW He-Ne continuous-wave gas laser (Spectra Physics Model 125) was

used for all the testing.

2.4.7. 1 Coating Samples

Several initial holograms were made using the control sample to determine

if the light reflected from a coated sample was sufficient to expos e a holo

gram, to determine the correct exposure parameters, to determine the

stability of the holding fixture, and to determine the background fringe

pattern from a defect free sample for both thermal and mechanical stressing.

It was found that the sample reflectivity permitted excellent holograms to

be made for reasonable exposures (less than 4 sec) and that the holding

fixture was sufficiently stable. Three 1/4-in. -wide by 4-in. -long los s-of

coating adhesion defects were then introduced by inserting a piece of

O. 005-in.thick steel shim stock just beneath the coating as shown in Fig

ure 2- 66. A series of holograms were then made using a variety of applied

CRS6
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Figure 2-66. Location of Loss of Adhesion Defects
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stres s combinations in an attempt to find the best method for revealing this

defect. The following stres s ing techniques were applied:

A. Mechanical stressing through pressurization of a rubber tube

placed between the back of the specimen and the holding fixture.

B. Mechanical stressing through the use of a spring~loaded probe

placed in contact with the front surface.

C. Thermal stressing using a 375- W heat lamp placed approximately

1 ft from the panel for less than 10 sec.

D. Thermal stressing using a hot-air blower applied for a few

seconds.

E. Thermal stressing achieved by placing the panel on a hotplate.

The 10 ss-of-adhesion defects were detectable in real time using thermal

stressing but were not detectable using mechanical stressing. The results

using thermal stressing were difficult to record photographically due to

rapid motion of the fringe pattern. The relatively mild heat output of the

hot-air blower was m.ore useful than the high heat output of the heat lamp.

Application of too m.uch heat resulted in loss of the fringe pattern due to

excessive surface deformations. A photograph taken through a real~time

hologram using thermal .stres sing is shown in Figure 2- 67. This photograph

shows the presence of a crack and the lower right-hand loss-of-adhesion

defect. The fringe contrast is relatively poor due to movement of the fringes

during the exposure.

Two sm.all cracks, not associated with the loss of adhesion defect, were

detected early in the testing using either m.echanical or thermal stressing.

The cracks were most easily detected using mechanical stressing since this

m.ethod would frequently display all the cracks present, whereas thermal

stressing usually would not display all the cracks present. Later in the test

ing, while heating the surface of the sam.ple on a hotplate, cracking sounds

were heard. This was followed by larger indications for the cracks which had

already been detected. Thus, apparently the existing cracks grew further

during thermal stressing using the hotplate. An exam.ple of the results

obtained using mechanical stressing is shown in Figure 2-68. This figure

clearly shows the presence of two long cracks. The photograph was taken

through a real-time hologram..
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Figure 2-67. Real-Time Interferometric Hologram of Crack and Delamination Using Thermal Stressing

Figure 2-68. Real-Time Interferometric Hologram of Cracks Using Mechanical Stressing
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2.4.7. 2 Bonded Samples

Real-time interferometric holography techniques were employed for these

samples using the same stressing techniques as for the coated samples.

No evidence of bondline defects were obtained through observation from.

the RSI side of the samples. To complete the evaluation, these samples

were also examined from the metallic side a s well. The 3/ 4-in. - dia void,

3/4-in. -dia unbond, and 1- 1/ 2-in. -dia unbond samples provided no indica

tion of the presence of defects using both thermal and mechanical stressing

of the metallic surface. Examination of the 1-1/2-in. -dia void sample,

however, revealed the presence of a rather large bondline defect. A photo

graph of this sample taken through a real time hologram is shown in Fig

ure 2- 69. This figure shows the distortion around a spring-loaded probe

due to the bondline defect. By moving this probe from point to point, it was

possible to map the outside dimensions of the defect, as shown in Fig-

ure 2-70. This corresponded very well with the defect outline provided

by x- ray radiography. Holographic inspection from the coated surface,

however, did not reveal the presence of either the bondline defect or an

internal crack revealed by the radiograph.

CR86

Figure 2-69. Real-Time Interferometric Hologram of Bondline Defect Using Mechanical Stressing
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Figure 2·70. Extent of Bondline Defect Detected by Interferometric Holography

The results obtained here were for a limited number of samples and only a

few types of stressing. The results were successful enough to warrant

further study. The use of a pulsed-laser system would provide several

advantages and perhaps reveal better the presence of defects. Acoustic

vibration and other types of stres sing should be investigated as well.

CR86

2.4. 8 Visual

Visual techniques were used to evaluate uncoated RSI and the RSI coating.

Since RSI is somewhat translucent, the possiblity of detecting gross

anomalies by illuminating the material with bright light was examined. This

method has been used to examine other low-density foam composites of a

translucent nature (Reference 6).

Three thicknesses of uncoated material were examined. Each sample was

examined using a 500- W light source for back illumination. None of the

voids, cracks, or delaminations in the 2- and I-in. -thick samples were

detectable with this light source. Holes O. 128 and O. 064 in. in diameter
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and 0.125 in. deep were detectable in the l/4-in. -thick uncoated material.

Generally, this approach is not adequate for internal defects since access

to two surfaces is required and the sensitivity is much less than that of

x-ray radiography.

Two thicknesses of coated material containing coating defects were exam

ined. None of the defects in the 2- in. - thick material were detectable.

Coating defects were detectable in the 1 /4- in. -thick material, as shown m

Figure 2-71. Holes as small as 0.013 in. in diameter and very fine

cracks were detectable.

Figure 2-71. Backlighted 1/4-ln.-Thick Coated RSI

104

CR86



Section 3

APPLICATION OF NONDESTRUCTIVE TEST TECHNIQUES

Selected nondestructive test techniques were applied to several samples

which contained density variations. The material supplied by MDAC-E for

these tests were selected through preliminary x-ray radiography screening.

Density variations were the only type of naturally occurring defect available

from the material screened. One sample, referred to as the material

screening sample, was approximately 9 in. in diameter and 2 in. thick.

Sixteen additional samples, referred to as the natural defect samples, were

approximately 3 in. long, 2-3/4 in. wide, and 3 -1/4 in. thick. X- ray radio

graphs were taken of all samples. Regions of higher and lower density were

identified for the material screening sample as shown in Figure 3-1. Top

and side-view radiographs of the natural defect samples revealed a low

density layer centered between the top and bottom surfaces. Five of these

CRB6

~SAMPLE~25-3-1
4

~ LOW DENSITY

l:{~}::::::} HIGH DENSITY

Figure 3-1. Material Screening Sample
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samples were selected (to represent the range of bulk densities present)

for further inspection.

Besides x-ray radiography, microwave reflection was the only other tech

nique evaluated capable of detecting density variations. Microwave

reflection measurements were taken at 9 and 15 GHz for each of the five

selected natural defect samples and for seven different locations (as shown

in Figure 3 -1) on the material screening sample. A plot of the reflected

amplitude versus the bulk density for the natural defect samples is shown in

Figure 3-2. These curves suggest that microwave reflection measurements

may be used to determine sample density. The results for the material

screening sample were nearly identical for each of the different locations.

This agree s with the fact that the radiograph of this sample shows the

densities in these areas to be the same. Unfortunately, the material screen

ing sample was not large enough to allow application of the microwave tech

nique to more than the number of locations used, and did not have a large

range of density variations.
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Figure 3-2. Microwave Amplitude Versus Density for Natural Defect Samples
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Seven tensile speciInens were Inachined from these samples, two froIn the

Inaterial screening saInple and one each froIn the natural defect samples.

The tensile speciInens were 1-112 in. in diameter and 1 in. thick, with axis

of the speciInen pa rallel to the thicknes s direction of the defect saInples. The

location of the speciInens selected froIn the Inaterial screening saInple are

shown in Figure 3-1. The speciInens taken from the natural defect samples

were Inachined from the center of the saInples. The bulk densities of the

machined tensile speciInens and the ultiInate tensile strengths are given in

Table 3-1. Unfortunately, of the seven speciInens, the results for four speci

Inens are uncertain due to the presence of "high bending strains at failure.

Using the results for which high bending strains were not present, a possible

relationship between the Inicrowave aInplitude readings and the tensile

strength is shown in Figure 3-3. This figure merely displays a possible

trend; further work would be necessary to better define the liInits of such a

relationship.

Table 3-1

TENSILE TEST RESULTS

SpeciInen No.

1

2

7

10

16

25-3-1

25-3-2

Density
(lbl ft 3 )

12.7

11. 3

10.8

10.9

12.6

15.9

17.8

Strength
(psi)

19. 5>:<

18.3>:<

23.0

22.3

43.0

35. 8>:<

30.7>:<

>:<High bending strains pres ent at failure
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Section 4

SUMMARY OF RESULTS

A sum.m.ary of the results for each of the nondestructive analysis techniques

a s a function of the m.aterial condition and defect type is presented in

Table 4-1. A YES or NO is used to indicate whether a given technique was

successful or not for a given defect type. A dash is used to indicate that

the given tec hnique wa s not applied for that pa rticula r defect type. When

required. additional inform.ation for a specific YES or NO is supplied a s a

series of notes num.bered sequentially for each technique as shown. These

notes provide sensitivities, resolutions, and qualifications as required.

Com.m.ents are also supplied in the REMARKS colum.n as to the relative

m.erits of the various techniques for a given m.a terial condition and defect

type.

The results for the application of NDT techniques for the natural defect and

m.aterial screening sam.ples suggest that a possible relationship m.ay exist

between m.icrowave reflection m.easurem.ents (or x-ray-radiography density

m.easurem.ents) and the tensile strength. More data would be required to

verify that the relationship is valid.
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Section 5

CONCLUSIONS AND RECOMMENDATIONS

X-ray radiography was found to be the best technique of those considered for

the detection of voids, cracks, dela:m.inations, and density variations in

uncoated material; holes and thickness variations in the coating; voids and

cracks in coated :m.aterial; and voids in the bondline of coated and bonded

:m.aterial. Interferometric holography was better for cracks in the coating and

coating los s of adhesion. From a practical standpoint, radiography will not

be applicable for coating-thickness variations (because edge exposures are

required) or voids in the bondline (because current Space Shuttle configurations

li:m.it access to the RSI side only). The sensitivity required for the detection

of defects in the RSI was found to be 1. 6 percent for 2-in. -thick material,

2.2 percent for I-in. -thick :m.aterial, and 4. 8 percent for 1/4-in. -thick

material. A resolution of at least 0.0125 in. between voids was observed.

These sensitivities and resolutions were obtained for selected exposure para

:m.eters using the lowest applied kilovoltage consistent with exposure durations

of 150 sec or less.

X-ray radiography is reco:m.:m.ended for both uncoated and coated :m.aterial as

part of an in-process quality control program. The radiographs should be

taken in the conventional :m.anner, using exposure para:m.eters selected for the

best sensitivity. Radiography often tends to be a ti:m.e-consuming and expen

sive approach. Only exposure durations up to a :m.axi:m.u:m. of 180 sec were

investigated in this progra:m. as a reasonable upper li:m.it. If cons iderably

shorter exposures are required in the interests of econo:m.y, additional work

should be perfor:m.ed to deter:m.ine if the sensitivity and resoluflon re:m.ain

acceptable. The use of new, easily processed paper instead of film should be

investigated as a :m.eans of saving ti:m.e and :m.oney.

Acoustic techniques showed pro:m.ise for detection of voids and dela:m.inations

in both uncoated and coated :m.aterial, and voids and unbonds in the bondline
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of coated and bonded material. Where acces s to both sides is pos sible,

radiography was far superior to the acoustic techniques. Further 'work on

acoustic-reflection techniques for coated and bonded material is recommended

as this technique showed promis e for detection of bondline defects and can be

applied when access is limited to the RSI side only. Emphasis should be

placed on the possibility of using air coupling for scanning techniques.

Further studies should be performed to determine the type, size, and place

ment of the receiving microphone for the best sensitivity. An attempt should

be made to develop an acoustic-reflection-scanning technique using a single

narrow band of frequencies in order to keep the necessary associated elec

tronics and analysis to a minimum. Conceptually, the final probe configura

tion might consist of a small speaker and microphone enclosed in a five-sided

acoustic chamber (designed to minimize background nois e and attenuate the

sound transmitted by the speaker through the chamber), equipped with pneu

matic wheels to provide the proper separation of the probe from the surface

and to allow easy scanning.

Microwave techniques were successful for moisture detection in uncoated,

coated, and coated and bonded material. The nature of the respons e to

moisture shifted from primarily a change in amplitude for the uncoated and

coated material to primarily a change in phase for the coated and bonded

material due to the presence of a metal backing. The results at 15 GHz were

more sensitive and uniform than those at 9 GHz. Microwave-reflection tech

niques are recommended as part of an in-process quality control program for

moisture detection. Further work is recommended for moisture detection in

coated and bonded material to determine a means of maintaining a constant

horn-to-metal-plate separation in combination with a scanning approach.

The microwave techniques also showed some promise for voids, delamina

tions, and density variations in uncoated material, but not in coated materiaL

X-ray radiography was better for these defects. Further work is recom

mended for microwave-reflection techniques for coated and bonded material

because this technique, like acoustic reflection, showed promise for detection

of bondline defects and can be applied when access is limited to the RSI side

only. If compensation cannot be made for the effect of the metal backing,

then the technique can at least be used to measure the RSI thickness.
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While the high-frequency ultrasonic techniques evaluated were succes sful for

detection of voids (and unbonds in some cas es) from the metallic side only; the

current Space Shuttle configuration restricts access to the RSI side only. Thus;

thes e techniques will have little applicability unles s the RSI is fir st attached to

substructure which; in turn; is then attached to the primary structure.

The beta-backscatter technique was unsuccessful for detection of holes and

cracks in the coating. Further work is not recommended for this technique.

Even if the technique were successful; application to RSI bonded to primary

structure would create radiation safety problems and would be extremely

time consuming and expensive.

The application of tape-backed liquid crystals as a thermal technique for the

detection of holes and cracks in the coating and voids and unbonds in the bond

line (when applied to the metal side) was unsuccessful. In the case of the

coating; the surface texture was so rough; any possible defects would be

completely masked. The effects of a rough surface texture should be les s

adverse for radiometer techniques than for liquid-crystal techniques.

Radiometer -thermal techniques should be investigated for applicability to

coating defects and other sources of nonuniform heat transfer.

Interferometric holography was succes sful for detection of cracks and coating

loss-of-adhesion defects. Fairly crude thermal- and mechanical-stressing

techniques were us ed. Nevertheles s; the technique was excellent for the

detection of coating cracks; and no doubt further work will reveal better

methods of stressing the material (only extremely small stresses are

required) to determine the presence of loss-of-adhesion defects more easily.

Although not examined in this program; interferometric holography might

also be capable of detecting holes in the coating. While this technique was

capable of detecting voids in the bondline from the metallic side, the technique

was not successful when applied froITl the RSI side. Further work is rec

ommended to develop the interferometric-holography technique for detection

of coating defects and possible bondline defects. Different additional stress

ing and holographic techniques (such as the use of a pulsed laser) should be

investigated.
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Visual examination was of limited usefulness. This approach was capable of

detecting only relatively large defects in thin material. X-ray radiography

and interferometric holography were much more sensitive to defects than

could ever be expected of visual inspection.

The attempt at relating NDT measurements to material properties was success

ful only in establishing a possible trend between microwave reflection meas

urements (or x-ray-radiography density measurements) to the tensile strength.

More data would be required to determine if the trend does indeed exist.

This possibility, while interesting, is of considerably less importance at the

moment than the problem of simply detecting defects in the material.

The most difficult problem remaining at the conclusion of this prograITl is

the inspection of the PSI ITlaterial and especially the bondline of PSI bonded

directly to priITlary structure. Serious thought should be given to the fact that

presently none of the techniques considered provides a satisfactory inspection

for bondline defects given access only to the RSI side. AssuITling that the

integrity of the bond is iITlportant, either acces s to the ITletallic side will have

to be made available or an extensive effort will be required to further develop

acoustic reflection, microwave reflection, and holographic techniques for this

problem. Using a combination of the techniques evaluated in this prograITl,

a possible in-process NDT procedural flow chart is shown in Figure 5-1.

116



FELT CURE
250°F .. FIRE

2,JOOOF
.. NDT

• X-RAY RADIOGRAPHY
VOIDS, CRACKS,
DELAMINATIONS,
DENSITY VARIATIONS

CR86

.. COATING SEQUENCE· TWO
FIRINGS TO 2,300oF

...
NDT

• X-RAY RADIOGRAPHY
VOIDS,CRACKS,
DELAMINATIONS,
DENSITY VARIATIONS,
HOLES IN COATING

• HOLOGRAPHY
CRACKS IN COATING,
COATING LOSS OF
ADHESION

• MICROWAVE
MOISTURE DETECTION

BOND TO
... STRUCTURE

NDT

• ACOUSTIC REFLECTION
VOIDS AND UNBONDS
IN BONDLINE

• MICROWAVE
VOIDS AND UNBONDS
IN BONDLlNE, MOISTURE
DETECTION

• HOLOGRAPHY
CRACKS IN COATING,
COATI NG LOSS OF
ADHESION

... QUALIFIED
END PRODUCT

Figure 5-1. In-Process Nondestructive Analysis
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PRECEDING PAGE BLANK NOT m."
Appendix

THEORETICAL SENSITIVITIES

Theoretical radiographic sensitivity is affected by (1) graininess,

(2) unsharpnes s, and (3) the contrast of the defect image on the film. Grain

iness is the visual impression of nonuniform density in a uniformly exposed

radiographic image. Unsharpness is the width of the band of density change

in the image of a sharp edge. Contrast is the change in density acros s the

image of a sharp edge.

Graininess is due to the random, statistical exposure of individual silver

particles. A particle of black metallic silver resulting from the development of

a single photographic grain is usually less than 0.001 mm (0.00004 in. ) wide.

For the purpos es of this program, the contribution of grainines s as a factor

affecting sensitivity is insignificant for the extrafine-grain Type M film used.

Unsharpnes s is compos ed of (1) geometric unsharpnes sand (2) inherent

unsharpness. The total unsharpness is given by (Reference 19).

U
2 = u G

2 +u/

The geometric unsharpness arises from the finite size of the source and is

dependent on the source-film and object-film distances as given by U
G

= F;

where F is the focal spot size, x is the object-to-film distance, and D is the

source-to-film distance. For the exposure parameters and sample thicknesses

of this program, the geometric unsharpnesses are

Two-inch material

UG2 = 0.00437 in.

One-inch material

U G 1 = O. 002 19 in.

Quarter -inch material

U G1 / 4 = 0.00055 in.

Preceding page blank
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Inherent unsharpness is caused by the scattering of secondary electrons in

the film emulsion. The incident x-rays excite electrons, which travel a cer

tain distance before coming to rest. This distance is dependent upon the

original energy of the x-ray. The inherent unsharpnes s of Type M film over

the 20 to 50-kV range is less than 0.0004 in. Using this value for the inherent

unsharpness, the total unsharpnesses are:

Two-inch material

U T2 = O. 0044 in.

One-inch material

UTI = O. 0022 in.

Quarter -inch material

U T1 / 4 = O. 0007 in.

The radiographic contrast can be derived from basic principles of the interac

tion of radiation with matter. Radiographic contrast is a combination of both

subject contrast and film contrast.

Subject contrast is the relative change in intensity of radiation as it passes

through the subject. Radiation is both scattered and absorbed by materials.

Neglecting scattering, which has the effect of reducing the contrast, the trans

mitted intensity is given by I = I e- IJX, where I is the initial intensity, /.l. iso 0

the total linear absorption coefficient (characteristics of the incident energy

and of the absorbing material), and x is the material thickness. From this

equation, the ratio of intensities for different thicknesses is given by

12 = e-/.l.(x 2-x 1)

II

Film contrast is the relative change in photographic density due to a change in

the exposure. The Bunsen-Roscoe reciprocity law states that the exposure is

proportional to the product of the radiation intensity I and the duration of

exposure t.

the relationship between the photographic density and the exposure depends

upon the type of film and is usually given as a characteristic curve of density

versus log of relative exposure. For the range of densities employed in
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this program, the density versus log relative exposure relationship may be

approximated by an equation for a straight line. Thus, the photographic

density may b~, given by D = G log 10 (I x t) + C, where G is the slope of the

characteristic curve over the density range of interest, and' C is a constant.

The change in film density due to changes in radiation intensity for a given

exposure duration t is given by

12 G 12
D 2 -D I = G loglO ~ = 2.3 In ~

If the changes in intensity are due to changes in material thicknes s, the change

in density is given by combining the two previous equations.

The minus sign represents the fact that the density is greater for thinner

materials. This may be rewritten as

The slope of the density versus log relative exposure curve for a density range

of 2. 0 to 4. 0 for Type M film results in the value G = 5. 88.

For an average density of 3.0 and the minimum detectable density change of

1. 6 percent, the change in density is given by D 2 -D I = O. 048. Combining

these results,

-~x = 0.0188
fJ-

To obtain an estimate of ~X, the value of I.l. for the energies and material used

must be found. The RS1 material is approximately 77 percent by weight

A1
2

0
3

and 23 percent by weight Si0 2 . The material also has a porosity of

87 percent. That is, by volume the material is 87 percent air. The mas s

attenuation coefficient for RS1 is given by

where ~~) i is the mass attenuation coefficient for an element present in the

material and R i is the relative percentage by weight of that element. The

total linear attenuation coefficient for RS1 is given by the product of the mas s
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attenuation coefficient and the density. The density of RSI is 15 lb/ft3

(0.2403 glee). Thus, a 1-cc saITlple of RSI would have a ITlass of 0.2403 g.

Of the 1-cc saITlp1e, 0.87 cc is air. The density of air is 0.0013 glee.

Thus, the ITlass of air present in a 1-cc saITlple of RSI is 0.0011 g. COITlbin

ing thes e two ITlas s es, the effective density of an RSI saITlple containing air is

0.2414 g. Air consists of 75.6% N, 23.1% 0, and 1. 3% A. A1 203 consists of

53% Al and 47% O. Si02 consists of 47% Si and 53% O. COITlbining these fig

ures, the relative percentages by weight of each of the eleITlents is

EleITlent Percent

0 48.3

Al 40.6

Si 10. 7

N O. 4

A O. 0

The ITlas s attenuation coefficient is also a function of the energy of the incident

radiation. The energy of the x-radiation froITl an x-ray tube varies with the

applied voltage. The voltage applied to an x-ray tube is used to accelerate

an electron. The kinetic energy an electron acquires as the result of being

accelerated across a potential difference of 1 V is 1 eV. The ITlaxiITluITl

energy of an electron for a 50-kV applied voltage is thus 50 keV. The energy

of the x-radiation generated as the electron collides with the target can at

ITlost equal the kinetic energy of the elect7on. Thus, the ITlaxiITluITl x-ray

energy froITl an x-ray tube with an applied voltage of 50 kV is 50 keV. In gen

eral, x-rays of ITlany energies are eITlitted with a continuous spectruITl. The

shorter the wavelength, the higher the energy. The peak in this spectruITl

occurs for an energy lower than the ITlaxiITluITl possible electron energy. For

the half wave, self-rectifying tube eITlployed in this prograITl, the peak in the

radiation intensity expressed in keY is approxiITlately nUITlerically equal to 2/3

the applied voltage in kV. The ITlas s attenuation coefficients for the exposures
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used in this program as extrapolated from tables in the NDT Handbook

(Reference 19) are:

MASS ATTENUATION COEFFICIENTS

22. 5 kV 35 kV 45 kV
Element (cm2 /g) (cm2 / g) (cm2 /g)

0 1. 80 0.630 0.371

Al 8. 08 2.44 1. 13

Si 10. 6 3.32 1.44

N 1. 20 0.450 0.301

Using these values for the mass attenuation coefficients and the relative

percentages of each element, the linear attenuation coefficients for RSI as

a function of the applied tube voltages are:

LINEAR A TTENUATION COEFFICIENTS

Voltage fJ.
(kV) (l/in. )

45 0.486

35 1.013

22. 5 3.243

The corresponding values for LlX are:

Material Thicknes s
(in. )

2

1

1/4

Voltage
(kV)

45

35

22. 5

LlX
(in. )

O. 0386

0.0185

0.0058

Combining these values for LlX with the values for the unsharpness, the theo

retical sensitivities are:

Material Thicknes s
(in. )

2

1

1/4
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Sensitivity
(%)

2. 2

2. 1

2.6
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